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 This study aims to fabricate graded composite structures with different ceramic 
materials and explore the effect of the various ceramic materials on the microstructure, surface 
topography, crystal characterization, bioactivity, and mechanical properties of the ceramic 
scaffold. 
Materials and methods:  
 Ceramic matrix specimens were prepared with a slip casting technique. After sintering, 
specimens were examined for their physical, chemical, and mechanical properties including 
microstructure, surface roughness, elemental composition, crystal characterization and biaxial 
flexural strength. Specimens from each group were immersed in a calcification solution and 
were evaluated for the deposition of calcium phosphate through microscopy, elemental 
analysis, and crystal characterization.   
Results:  
 Graded ceramic matrix materials were successfully fabricated using a slip-casting 
technique. Scanning electron microscopy revealed different surface topography as well as the 
 vii
deposition of calcium phosphate crystals on the specimen surface after immersion in 
calcification solution. Elemental composition and X-Ray Diffraction (XRD) spectra confirmed 
phase transformation in the composite specimen after sintering. Particle grain size significantly 
affected surface topography in terms of surface area roughness and topographical patterns. 
Moreover, the combination of alumina and bioactive glass improved mechanical properties 
compared to bioactive glass alone.  
Conclusions:  
1. The ceramic matrix containing bioactive glass presented greater surface roughness 
compared to other ceramic matrix without bioactive glass.  
2. Two crystal phases: tricalcium silicate (Ca3Si3O9) and calcium metasilicate (CaSiO3) were 
found in high temperature sintered bioactive glass. The combination of bioactive glass with 
alumina or hydroxyapatite presented another tricalcium silicate phase such as Ca3(SiO4)O. 
3. The XRD analysis of the combination of alumina and hydroxyapatite detected two new 
phases including grossite (CaAl4O7) and calcium aluminophosphate (Ca9Al(PO4)7). 
4. Ceramic matrix containing bioactive glass or hydroxyapatite presented greater deposition 
of calcium phosphate crystals while the combination of bioactive glass and hydroxyapatite 
showed the greatest amount of the precipitated crystals. 
5. Alumina ceramic matrix showed the highest biaxial flexural strength while hydroxyapatite 
and bioactive glass presented low biaxial flexural strength. 
6. The combination of alumina with hydroxyapatite or bioactive glass improved biaxial 
flexural strength. 
7. The combination of hydroxyapatite with bioactive glass had lower biaxial flexural strength 
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Introduction 
Alveolar bone is considered as an essential component of periodontium to support the 
teeth. Alveolar bone is a dynamic tissue since it is able to remodel itself, responding to 
physiologic masticatory force and blood calcium level. Apart from the physiologic condition, 
there are numerous factors affecting the bone, including parafunctional habits, hormone 
disturbance, aging, dental trauma, and periodontal diseases (1). These factors may cause 
pathological changes of bone structure and volume. A common pathologic condition is bone 
resorption after tooth extraction. The alveolar bone resorption increases rapidly in the first six 
months after tooth extraction and continues to resorb at a rate of 0.5-1.0% per year (2). In order 
to maintain bone architecture, tissue engineering, specific to bone regeneration, is a promising 
strategy to enhance new bone formation as well as maintain the whole volume of bone. 
 Furthermore, several surgical procedures and bone materials were proposed to prevent 
further bone loss or reconstruct the bone volume such as placement of various bone graft 
material with a barrier membrane. Although there are plenty of bone substitute materials 
available in the market, not every bone substitute material possesses all the desired properties. 
For example, both allografts and xenografts can serve as a scaffold for new bone to grow inside 
(osteoconduction) the graft while certain type of allografts possess osteoinductive properties - 
the stimulation of osteoprogenitor cells to differentiate into osteoblasts (3).  
In addition to natural materials, several synthetic materials are also used as bone 
substitutes such as polymer, glass, and ceramic. Although there is a reluctance to use these due 
to unfamiliarity and uncertainty, several in-vitro and in-vivo studies showed promising results 
for bone regeneration in different conditions (4–6). Researchers aim to develop either new 
composite materials or novel scaffold fabrication techniques to improve materials properties 
in terms of physical, mechanical, and biological properties. In this research, three different 
ceramic materials were used to develop a new ceramic composite. 
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First, bioactive glass is used as adjunctive material for bone grafting. As bioactive 
glasses continuously released specific ions, namely silicon, calcium, and phosphate, these ions 
can induce the differentiation of bone cells. It, however, has some disadvantages such as 
complicated fabrication, inconsistent ion release, and resorbtion (7). After 45S5 Bioglass® was 
first introduced as a commercial bone replacement in 1946, many researchers proposed 
numerous composition modifications and novel fabrication techniques to improve the 
conventional bioactive glass (8).  
Second, hydroxyapatite is a synthetic compound which imitates inorganic bone crystal 
structure (9). Hydroxyapatite is a highly biocompatible bone material. Although the 
commercial products are available as a bone substitute, they are not able to replace some certain 
defects which require natural bone turnover. This may be because the synthetic hydroxyapatite 
seems is difficult to be resorbed in the human body since it presents a well-organized structure 
and high crystallinity (10,11).   
Last, alumina was used as a bone graft substitute for several decades. In fact, it comes 
with major drawbacks which included a lack of osteoinductive as well as undegradable 
properties (12). Currently, it has not been used as an individual material for bone replacement; 
however, it is combined with other ceramics to improve mechanical strength because of its 
rigidity and high flexural strength (13).  
In this study, a composite ceramic scaffold is proposed to optimize both 
osteoconductive and osteoinductive properties. Three potential bone substitutes mentioned 
above are combined with different ratios to optimum bone tissue engineering properties. 
However, some scaffold properties such as surface topography and mechanical strength also 
rely on fabrication techniques. Recently, solid-free form fabrication (SFF) techniques are 
considered as a promising method to produce highly porous and fully pore-interconnected 
scaffolds to allow bone cell ingrowth (14).  
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 With the three-dimensional printing (3D printing) technique, although the fabricated 
scaffold can achieve a homogenous pore size with fully interconnected pores, each printed rod 
has a different surface texture according to its material composition. The texture of the material 
surface plays a major role in bone cell attachment, proliferation, and differentiation (15). As 
mentioned above, the composite scaffold potentially would provide the desired properties 
compared to a single material composition. Therefore, this study aims to fabricate a composite 
material with different graded ceramic materials and explore the effect of the composite 



















Chapter 1: Literature review 
1.1 Literature Review of Bone Biology 
1.1.1 Bone components and bone structure 
In living bone tissue, there are two major components: minerals (70%) and organic 
materials (30%). Hydroxyapatite (Ca10(PO4)6(OH)2), one of the mineral components, makes 
up to 95% of all mineral depositions. Although there are other elements such as magnesium, 
sodium, potassium, fluoride, and chloride, with the phosphate and hydroxyl groups in 
hydroxyapatite of human bone mostly substituted with carbonate (16).  
While the major inorganic component is collagen which promotes mineral accretion by 
serving as a scaffold, non-collagen structural proteins such as osteonectin, proteoglycans, 
sialoproteins, and gla-containing proteins play a key role in bone formation. These non-
collagenous proteins not only regulate cells of osteoblast and osteoclast lineage but also control 
the nucleation of hydroxyapatite (17,18). 
Furthermore, major bone structures are divided into two types. Firstly, cancellous bone 
(trabecular or spongy bone) is a porous bone lying inside the compact bone which is organized 
in a 3-dimensional framework. Secondly, compact bone is dense, solid, and surrounds the 
trabecular bone. It is permeated by the Haversian systems which contain vascular canals to 
supply the osteocytes (19).  
 
1.1.2 Bone modeling and bone remodeling 
Bone modeling (bone formation) is bone formation without prior bone resorption. It is 
an adaptation of bone which is induced by growth and mechanics. According to ossification 
categories, there are two types of normal bone ossification (osteogenesis): endochondral 
(cartilage involved) and intramembranous (non-cartilage involved) ossification.  
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For endochondral ossification, the hyaline cartilage model is used as a template for new 
bone formation. It is the most important healing process of long bone fractures. New bone will 
be formed after synthesis and mineralization of extracellular organic matrix (osteoid). Then 
remodeling occurred via resorption and reformation (20).  
On the other hand, intramembranous ossification occurrs directly over the 
mesenchymal condensation; therefore, it is also involved in the healing of bone fractures and 
the formation of flat bones including the base of skull. In brief, a group of mesenchymal stem 
cells form a cluster of cells, then they turn into osteoprogenitor cells and osteoblasts, 
respectively. After secreting the extracellular matrix, some osteoblasts are entrapped and form 
the osteocyte lacunocanalicular network (20).  
Bone undergoes constantly remodeling in order to maintain mineral homeostasis and 
bone mechanical strength by replacing old and microfractured bone with a new layer of bone. 
Several factors such as mechanical loading and calcium homeostasis are stimulating this bone 
remodeling process (21).  
   
1.1.3 Bone response after tooth extraction 
In general, immediately after tooth extraction, inflammatory reactions are activated 
while the socket is covered with a blood clot. Tissue is rapidly restored by the proliferation and 
migration of epithelial cells within seven days of extraction. Moreover, active bone formation 
presents within two weeks after extraction while new bone will completely fill within 6 months. 
Histological examination revealed both bone formation by surrounding trabecular bone 
from the edge of the socket and bone resorption by osteoclasts on the surface of the residual 
ridge. Amler, et al. found that uncalcified bone spicule was initially observed on the seventh 
day after tooth extraction. The immature bone and connective tissue were forms on the base 
and lateral aspect of the socket (22). The woven bone filled in the socket within two weeks. 
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Almost 88% of mineralized bone was observed in the sockets on day 30 and transformed into 
mature bone (lamella bone) in 6 months after extraction (23).  
Unfortunately, the resorption of bone is greater than bone formation during socket 
healing. Several studies reported that 30-50% of alveolar bone volume is decreased from ridge 
resorption. The resorption is marked during the first three to six months after the tooth removal 
and it continues to increase annually with the rate of 0.5-1% every year. Moreover, there is 
more resorption of the alveolar wall on the buccal side compared to the lingual side. This 
resorption directly affects the height and width of the alveolar ridge after healing at 
approximately 1.5 – 4 mm (24–26).  
 
1.1.4 Bone response after bone grafting  
Tissue engineering was first introduced in 1993 by Langer and Vacanti. This aims to 
replace damaged tissue with new tissue and maintain the homeostasis of the tissue. Three 
important components include desired cells, tissue-inducing substances, and matrices 
(scaffold) as a support for cells to grow (27).  
Bone grafting material is used as a scaffold for bone cells to grow and form new bone 
tissue. Since there are plenty of grafting materials available, different types of bone substitutes 
are generally used regarding the purpose of treatment. Different materials, however, reveal 
different tissue responses. For instance, hydroxyapatite and other calcium phosphate materials 
are used as grafting materials with osteoconductive properties. Lin, et al. combined synthetic 
hydroxyapatite with β-tricalcium phosphate (HA/β-TCP) and immediately placed them in the 
extraction socket. They revealed that the HA/β-TCP graft was effective to maintain bone 
volume after three months of tooth extraction (28). 
In fact, bone graft materials are used for several surgical procedures in order to maintain 
bone volume or reconstruct the remaining alveolar bone such as socket grafting (known as 
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socket preservation), guided tissue regeneration (GTR), guided bone regeneration (GBR), etc 
(29). According to histologic findings, graft material particles are possibly surrounded by new 
bone and/or fibrous tissue depended on the type of bone grafting material and the distance of 
graft from the surrounding bone (30). For instance, Wood and Mealy found that there was 
approximately 40% of new bone tissue in the extraction socket after grafting with 
demineralized freeze-dried bone allograft (DFDBA) at 19 weeks (31). Windisch and Sculean 
using bovine-derived bone mineral to treat intrabony defects. The presence of both graft 
particles and new bone tissue was observed up to 20 months after surgery (32,33).  
Since the type of bone graft materials plays a major role in the new bone formation 
process, it is possible that the combination of different bone graft materials can accelerate new 
bone formation. However, there are plenty of commercial products available as listed in Table 
1. 
 
1.2 Literature Review of Scaffold Design, Fabrication, and Desired Properties 
For tissue engineering, it is very common to use osteoconductive and osteoinductive 
properties to define bone material properties. In fact, these terms are too broad since they only 
reflect the outcome after placing grafting materials in living tissue. In order to achieve these 









Table 1. The commercial bone substitute products according to their sources. 
Graft category Sources Commercially availability 
Allograft  Fresh and/or frozen 
bone; 
Freeze dried bone; 
Demineralized freeze-
dried bone 
Allogro, DBX, DynaBlast, Dynagraft, 
Grafton, MTF, Opteform, OsteoSponge, 
Puros, Raptos 





Algipore, Biocoral, Bio-Oss, Cerabone, 
Endobon, Gen-OS, Interporo 200, Lubboc, 










Biogran, BonePlast, Calcibone, Cortoss, 
Eurobone, Guidor easy-graft, Hydroset, 
IngeniOs, Macrobone, Ostim, Periglass, 
Rhakoss, Straumann, Vitoss. 
 
In the literature, it has been demonstrated that several structural properties such as pore 
structure, grain size, and surface topography are essential for cellular responses in terms of cell 
adhesion, proliferation, and differentiation (34). The macro- and microstructural properties are 
described below.  
1. Porosity and pore size.  
Macro- and microporosity, interconnectivity, and pore size play a major role 
in tissue ingrowth, nutrients, and blood supply in new bone tissue. Porosity is 
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defined as the percentage of void space in solid material while open pores are a 
channel for bone cells to migrate in and form bone tissue as well as for blood supply. 
A study showed microporosity results in larger surface area that was believed to 
result in higher bone-inducing protein adsorption as well as ion exchange and bone-
like apatite formation by dissolution and precipitation (35).  
Nevertheless, high porosity can worsen material properties. For example, if 
the material presents a high degradation rate, fabrication as a highly porous material 
may increase the degradation process which interferes with structural stability and 
leads to decrease mechanical strength before the replacement of new bone. 
Moreover, high porosity does not guarantee that there is pore connectivity which 
can block cell migration and nutrient flow.   
Several studies reported bone ingrowth (100-150 and 150-200 µm) in large 
pores, while unmineralized bone tissue was found in pore range from 75-100 µm. 
Only fibrous tissue can penetrate a pore size lesser than 75 µm. Therefore, the 
minimum requirement of pore size is recommended as 100 µm; however, the 300-
400 µm pore size revealed a significant level of alkaline phosphatase activity, 
osteocalcin, and bone formation (36,37). 
2. Grain size and surface topography 
The adhesion of cells onto a material surface depends on several factors 
such as surface chemistry, surface energy, and surface topography which can affect 
their response. The cell adhesion can stimulate various chemical and mechanical 
signals related to the proliferation and differentiation of cells (38). 
The grain size of materials directly influences specific surface area which 
affects cell adhesion, proliferation, and differentiation. Different grain sizes can 
produce various surface topography (i.e., roughness, stiffness, and texture). Micro-
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porous surfaces increase the total surface area which improves mechanical 
interlocking between grafting materials and new bone tissue (36). 
Apart from the surface area, surface roughness including pore wall 
roughness also enhances the attachment, proliferation, and differentiation of bone-
forming cells. The plausible explanation of better adhesion of osteoblasts on the 
material surface is that osteoblasts extend themselves from peak to peak for optimal 
shapes. However, two levels of roughness should be considered since roughness in 
micrometer range will lead to changes in cytoskeleton while roughness in 
nanometer range is subject to change other properties such as wettability and Z-
potential (the surface charging behavior in contact with physiological fluids) (38). 
Yuan et al. showed the failure of bone formation after introducing smooth 
and dense surface materials (39). Numerous studies using polymers such as 
polystyrene and nylon as a template to create concavity patterns on the material 
surface showed a strong effect on osteoinductive ability (40,41).   
 
3. Bioactivity  
Bioactivity is considered as the ability of a material to promote the reaction. 
As a bone grafting material, the desired bioactivity is to promote the precipitation 
of an apatite /apatite-like layer on the material surface under physiologic conditions. 
Bioactive materials such as bioactive glass can initiate the nucleation of calcium 
phosphate crystals on their surface. Rey et al. categorized the biomaterials into 
active and passive bioactivity based on the process of apatite nanocrystal formation 
as shown in Figure 1 and Table 2 (42).  
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However, not only pure stoichiometric apatite can be detected under 
biological conditions, but several phases of calcium phosphate crystal can be 
detected depending on contact duration and environmental conditions (Table 3). 
 
 
Figure 1. Active and passive bioactive materials function. 
This shows the mechanism of active and passive bioactive materials based on 
the calcium phosphate formation process. In active materials, mineral ions from 
the material itself are a part of the crystal precipitation while crystal formation 
on the passive material surface is only obtained from supersaturated ions in 
physiologic fluid.  (Source: Rey C, et al. Comprehensive Biomaterials. Elsevier. 
2011,187–221) 
 
4. Degradation rate  
In vivo, the rate of resorption of scaffold material relates to various factors 
including the biological response and the material itself. The solubility of 
material affects material integrity and stability. A highly soluble material will 
be resorbed by passive dissolution without tissue turnover. On the other hand, a 
low soluble material will remain in the human body as well as may interfere 
with the remodeling process (38). 
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Table 2. Classification of bioactive materials based on the calcium phosphate formation 
process (42). 
Type Biomaterials Active ions Induction process 
Active 
Bioactive glass Ca2+ Diffusion 
Coral Ca2+, CO32- Dissolution 
Plaster of Paris Ca2+ Dissolution 
Calcium phosphate 
cement 
Ca2+, PO43- Dissolution 
Alkaline hydrogels OH- Hydrolysis 
Passive 
Sintered apatite - Epitaxy 
Titanium - Hydrolysis, Ca2+, PO43- uptake 
Collagen - Phosphorylated entities 
 
 
Table 3. Possible calcium phosphate compositions with Ca/P ratio (43). 
Name Formula Ca/P ratio 
Tetracalcium phosphate Ca4O(PO4)2 2.0 
Hydroxyapatite Ca10(PO4)6(OH)2 1.67 
Tricalcium phosphate Ca3(PO4)2 1.50 
Octacalcium phosphate Ca8H2(PO4)6•5H2O 1.33 
Dicalcium phosphate dihydrate CaHPO4•2H2O 1.0 
Dicalcium phosphate CaHPO4 1.0 
Calcium pyrophosphate Ca2P2O7 1.0 
Heptacalcium phosphate Ca7(P5O16)2 0.7 
Tetracalcium dihydrogen phosphate Ca4H2P6O20 0.67 






1. Mechanical properties  
The mechanical properties play an important role in the success of the 
bone tissue implant especially in reconstructing the load-bearing area. Most 
mechanical properties can be controlled by material choice (Table 4) and 
fabrication technique. For instance, Eqtesadi et al. compared robocast 
Bioglass®-derived scaffold at different temperatures. They found that sintering 
at 550-1000°C can produce higher compressive strength similar to cancellous 
bone. Moreover, a robocast scaffold revealed better strength comparing to 
stereolithography (44,45). Another example is a recoating processes which is 
able to increase the compressive strength of scaffold materials (16). 
Unfortunately, some extreme fabrication techniques can compromise 
desired properties. For example, high sintering temperature can increase the 
crystallization in bioactive glasses or decompose hydroxyapatite which will 
directly affect the strength, degradation rate, and cell response (46,47). 
 
Table 4. Mechanical properties of various biomaterials (43). 
Materials 
Density 












Bioglass® 45S5 2.66 458 35 40 - 60 N/A 
Sintered HA 3.156 500 - 800 70 - 120 20 - 80 100 - 900 
Alumina 3.98 2400 380 - 420 595 4000 - 4500 
Zirconia (TZP) 6.05 1200 150 1000 2000 







1.3 Literature Review of Ceramic Scaffold Materials  
Animal bone (dog skull) was initially used as a bone grafting material in the 17th 
century. Later in the 19th century, human bone grafting was introduced using autogenous and 
allogenic grafts. Although synthetic materials were previously tried for use as bone materials, 
they were not achieved until the introduction of Paster of Paris (calcium sulfate) by Dreesmann. 
However, the effectiveness of bone fillers remained inconclusive. Peltier summarized in his 
preliminary report that the implantation of Plaster of Paris was compatible with human tissue 
but unable to stimulate new bone (48). 
In fact, there are plenty of synthetic materials which are currently used or being 
investigated as bone grafting materials such as alumina, calcium phosphate ceramics, glass-
ceramics, and so on. Moreover, ceramic materials are not only classified as active or passive 
materials as mentioned in the bioactivity section, but also classified as absorbable or 
nonabsorbable materials. In this chapter, three different ceramic materials will be further 
described below.  
First, alumina (aluminum oxide – Al2O3) ceramic has been used as bone substitutes 
since 1960s and is mainly used as a joint replacement at this present. Although its mechanical 
properties and biological safety are greater than other glass-ceramics, its major drawback is 
chemical inertness. Therefore, there are several studies that showed a promising result after 
coating or blending alumina with other active materials such as hydroxyapatite, tricalcium 
phosphate (12,49). Recently Keppler et al. showed an increase of bone volume in calcium 
phosphate/alumina/polysaccharide matrix similar to calcium phosphate particles and calcium 
phosphate/polysaccharide matrix; however, there was no significant difference in histologic 
observation between each group (13). 
Second, there are several types of calcium phosphate ceramics that may serve as bone 
grafting material. However, the most common synthetic calcium phosphate ceramic is 
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hydroxyapatite (Ca10 (PO4)6 (OH)2) which is similar to bone mineral. Several techniques can 
be used to prepare hydroxyapatite such as precipitation, hydrothermal conversion, and 
hydrolysis. Hydroxyapatite has been clinically used since 1980 as a porous scaffold similar to 
cancellous bone (50). Woodard et al. fabricated hydroxyapatite scaffolds with multiscale 
porosity. They found that bone formation was observed only in the microporous scaffold (2-8 
μm) while there was no bone formation in scaffolds without micropores (51). Moreover, 
hydroxyapatite is also used in combination with other ceramic materials such as β/α tricalcium 
phosphate and bioactive glasses. The combination showed better results for bone ingrowth 
(52).  
Furthermore, hydroxyapatite was also used in combination with other biomaterials such 
as titanium and polymers. Surface coating of implant materials with hydroxyapatite showed a 
significant improvement of implant surface bioactivity. While combining hydroxyapatite with 
polymers such as polycaprolactone (PCL), poly(lactic acid) (PLA), polyhydroxybutyrate 
(PHB), and chitosan, showed a promising outcome in terms of mechanical and biological 
aspects (53). For example, PCL/HA scaffolds showed a higher compressive modulus, cell 
viability, and cell proliferation of osteoblasts as compared to a PCL scaffold (54,55). 
Third, bioactive glass developed in 1969 by Hench was a silicate-based material 
containing calcium phosphate. Based on the SiO2–Na2O–CaO–P2O5 oxide system, relatively 
high CaO/ P2O5 ratios cause the material surface to be active in a physiologic environment 
(56).  Hoppe et al. demonstrated the effects of ion release from bioactive glass surfaces on 
angiogenesis, osteogenesis, and antibacterial properties as shown in Figure 2 (7). 
Furthermore, bioactive glass showed an ability to form hydroxycarbonate apatite 
(HCA) layer on its surface under physiologic condition. However, this bioactivity is depended 
on numerous factors such as network structure, glass composition, surface properties. For 
example. Low silica content increases the dissolution rate (57).  
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 Figure 2. Biological response to ionic dissolution from a bioactive glass surface. 
(Source: Hoppe A, Güldal NS, Boccaccini AR. Biomaterials. 2011;32:2757–74.) 
 
It was believed that HCA is formed because of the chemical reactions on glass surfaces. 
After the hydrolysis of the silica group into silanol (Si-OH) group, the pH of the solution 
increases. High pH continues to dissolve silica as silicic acid (Si(OH)4) into the solution and 
forms a dense layer of silanol group on the glass surface. Ca2+ and PO43- are attracted to the 
glass surface and form amorphous calcium phosphate. The crystallization of HCA will be 
mature as glass continues to dissolve (58). Profeta and Prucher illustrated the sequence of 




Figure 3. The sequence of reactions at the interface of bioactive glass and bone.  
(Source: Profeta AC, Prucher GM. Dent Mater J. 2015;34(5):559–71.) 
 
Not only glass composition, but sintering behavior affected the bioactivity of bioactive 
glass. Lefebvre et al. reported the structural transformation of 45S5 Bioglass® after sintering 
with different temperatures and heating rates. They found that glass transition 1 (Tg1) was at 
550 °C while glass transition 2 (Tg2) started at 850 °C. The crystallization of the combeite-like 
phases such as Na2Ca4(PO4)2SiO4 and Na2CaSi2O6 were initially formed at above 600 °C, 
respectively (60).  
Similar to other studies, the Na2Ca2Si3O9 and Na2CaSi2O6 were also found after heat 
treatment above 600 °C (61), while wollastonite (CaSiO3) was found as a major crystalline 
phase after sintering above 1100 °C (62). These combeite-like phases dissolved slower than 
the glass phase; however, they were able to transform into an amorphous calcium phosphate 






1.4 Literature Review of Glass Preparation and Three-Dimensional Scaffold 
Fabrication 
1.4.1 Glass preparation  
Previously, bioactive glasses were first obtained from melt- quenching process at higher 
temperature. Some typical types of bioactive glass were successfully synthesized through this 
technique such 45S5 (45SiO2-24.5CaO-24.5Na2O-6P2O5, wt.%), 46S6 (46SiO2-24CaO-
24Na2O-6P2O5, S53P4 (53SiO2-20CaO-23Na2O-4P2O5, wt.%), and 13-93 (53SiO2-20CaO-
6Na2O-12K2O-5MgO-4P2O5, wt.%). However, this technique requires high temperature which 
causes the evaporation of volatile compounds. Melt-derived bioactive glass usually presents 
dense and small surface area because the crystallization occurs during the sintering process 
which impairs its bioactivity (64). 
Later, the sol-gel process was introduced by Li, et al. (1991) which demonstrated the 
formation of bioactive glasses under lower temperatures than the conventional melting method 
(65). Under hydrolysis of alkoxide precursors and low heat treatment, the gel was able to 
transform into glass materials without the evaporation of sensitive compounds. Rahaman et al., 
summarized the compound composition of common bioactive glass as shown in Table 5 (58).  
There are some major differences between melt-derived and sol-gel prepared bioactive 
glasses. For example, the silica content in melt-derived bioactive glass cannot exceed 60 mol% 
while the sol-gel process can produce up to 90% mol of SiO2 (66,67). Other obvious physical 
differences in melt- and sol–gel-derived glasses are that sol–gel glasses tend to have an inherent 
nanoporosity containing a mesoporous texture within the range of 6.5-9.5 nm, whereas melt-





Table 5. Composition of various types of bioactive glass (58). 
  
(Source: Rahaman MN, et al. Acta Biomater. 2011;7(6):2355–73) 
 
1.4.2 Three-Dimensional Scaffold fabrication  
Three-dimensional scaffolds have become more popular becausethey may guide 
osteoblasts and related cells to migrate, proliferate, and differentiate into new bone tissue. 
There are numerous methods to fabricate three-dimensional scaffolds (69). A comparison of 
scaffold fabrication methods is shown in Table 6.  
Solvent casting and particulate leaching are used to fabricate a dense scaffold. Although 
low porosity and connectivity are usually observed, a fugitive phase or porogen such as 
polymers, sugar, and salt can be used as a space maintainer as they will be removed before 
sintering. The fugitive phase can expand the pore size to 300 - 400 μm with good pore 
interconnection (70,71).  
The foam replication technique is another technique which can produce 60-90% 
porosity in the scaffold. However, this type of scaffold has very low compressive strength (<1 
MPa). Porous scaffolds can also be prepared by a freezing of suspensions technique. 
Conventional porous structures usually have a small pore size (10 – 40 μm) which is not 
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suitable for cell ingrowth. Therefore, solvent adjustment is used to modify pore diameter to 
achieve a desirable size.  
 
Table 6. Scaffold manufacturing methods with benefits and limitations. 
Manufacturing method Benefits Limitations 
Solvent casting and 
particulate leaching 
• Simple technique can obtain 
regular porosity and 
controlled pore size 





• No solid porogen required 
• Require use of organic 
solvents which limit use of 
bioactive molecules 
• Small pore size and often 
irregular 
Phase separation 
• Eliminate leaching step of 
porogen 
• Require use of organic 
solvents which limit use of 
bioactive molecules 
Electrospinning 
• Large surface area for cell 
attachment 







• Complex 3D shapes with 
high resolution, controlled 
pore size and internal 
structure. 
• Limited to printable 
material in some technique 
*SLA: sterolithography; SLS: selective laser sintering; FDM: Fused deposition 





Solid freeform fabrication (SFF) or rapid prototyping is another technique to control 
scaffold dimension, porosity, and pore size. Currently, computer-aided design and 
manufacturing are introduced to control fabrication quality via design and function. These 
procedures are known as rapid prototyping technologies: stereolithography (SLA), selective 
laser sintering (SLS), fused deposition modeling (FDM), 3-dimensional printing, and 
robocasting.  
With the customized computer-aided design (CAD), a scaffold will be printed layer by 
layer. Although several materials can be used to fabricate the scaffold, it is important to 
consider the materials which are compatible with the 3D printing process (72). The specific 
types of material and suggested fabricating methods are listed in Table 7.  
In the robocasting method, the suspension, called an ink, will be gradually injected 
through the nozzle on an oil bath or other substrates. Heat treatment or light activation may be 
used to harden the scaffold. The obvious feature of this 3D scaffold is its high compressive 













Table 7. Specific types of material and their possible 3D fabricating methods. 




polymer, ceramic paste 
• Stereolithography (SLA) 
• Polyjet 
• Digital light processing 
(DLP) 
• Micro-extrusion 
Non-brittle filament Thermoplastics • Fused deposition modeling 
Laminated thin sheet Paper, plastic sheet, metal foil 
• Paper lamination 
technology 
• Ultrasonic consolidation 
(UC) 
Fine powder 
Plastic fine powder, ceramic 
powder, metal powder 
• Selective laser 
sintering/melting 
• Electron beam melting 
• Laser engineered net 
shaping 
• Colorjet printing 












Statement of the Problems 
 In the development of materials serving as human bone substitutes, ideal bone materials 
must provide the following benefits such as good mechanical strength, high biocompatibility, 
cell function, and so forth. However, there are some irreconcilable issues to achieve these 
properties. Alumina, for example, has very high strength, but it is almost bioinert and rarely 
induced bone cells to grow and integrate (73). While the induction of calcium phosphate crystal 
deposition was observed in synthetic hydroxyapatite and bioactive glass, the resorption of 
synthetic hydroxyapatite was controversial (10). Therefore, the idea of combination of different 



















The objectives of this experimental in-vitro study were to: 
1. Fabricate composite materials from various ceramics to form a matrix with different 
ceramic ratios. 
2. Examine microstructure, surface roughness, crystal characterization, and phase 
compositions of various composite matrix materials. 
3. Determine the biaxial flexural strength of various composite matrix materials. 



















Chapter 2: Materials and Methods 
In this study, the composite materials were fabricated from ceramic materials including 
nanocrystalline hydroxyapatite, alumina powder, and 58S bioactive glass. Serving as highly 
biocompatible materials, the combination of these materials potentially provided better 
properties in terms of physical, mechanical, and biological properties. 
 
2.1 Materials  
1. Synthetic ceramic materials (Table 8) 
a. Alumina: Alumina oxide (Al2O3; A16SG (Almatis GmbH, NJ); Catalog No. 387; 
LOT: US1129M 
b. Calcium phosphate tribasic: Hydroxyapatite (Ca10(PO4)6(OH)2; Alfa Aesar, MA); 
Catalog No. 36731; LOT: U301E093 
2. In-house bioactive glass: 58S bioactive glass  
a. Nitric acid (70% Nitric acid, Sigma-Aldrich, MO) 
b. Tetraethyl orthosillicate (TEOS, Sigma-Aldrich, MO) 
c. Triethyphosphate (TEP, Sigma-Aldrich, MO)  
d. Calcium nitrate tetrahydrate (CN, Sigma-Aldrich, MO)  
e. Polyethylene glycol: MW 8,000 (Fisher Scientific, NJ) 
f. Reverse osmosis water 
3. Slip casting process 
a. Darvan C-N dispersant (Norwalk, CT) 
b. Alginate powder (Protanal 1816, FMC BioPolymer, PA) 
c. Reverse osmosis water 
d. Gypsum plate 
4. Calcification solution  
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a. Sodium chloride (NaCl, Fisher Scientific, NJ) 
b. Calcium chloride dihydrate (CaCl2∙2H2O, Sigma-Aldrich, MO) 
c. Tris(hydroxymethyl)amino-methane (Sigma-Aldrich, MO)   
d. Potassium phosphate monobasic (KH2PO4, Sigma-Aldrich, MO) 
e. Hydrochloric acid (HCl, Fisher Scientific, NJ) 
f. Reverse osmosis water 
 
Table 8. Physical properties of alumina and calcium phosphate.   
*Data from SEM image analysis with ImageJ program  
 
2.2 Equipment 
1. SpeedMixerTM DAC 150.1 FVZ-K (FlackTec Inc., SC) 
2. High temperature furnace Hot Spot 110 (Zircar Zirconia Inc., NY) 
3. EcoMet 250 Grinder/Polisher with AutoMet power head (Buehler Ltd., IL) 
4. X-ray diffraction machine D8 Discover (Bruker AXS LLC, WI)  
5. Field Emission Analytic Scanning Electron Microscope (FESEM, Hitachi, Ltd., 
Chiyoda, Tokyo, Japan) equipped with AZtec X-Max 50 SDD energy dispersive 
spectrometer (Oxford Instruments Nanoanalysis, UK) 
6. Optical profilometer Zygo NewView 9000 (Zygo corporation, CT)   
7. Precision: Economy incubator (Precision Scientific, Winchester, VA, USA) 
Properties Alumina A16SG Calcium phosphate tribasic 
Form White powder White powder 
Particle size (μm) 0.6 4.66* 
Sintering density (g/cm3) 3.85 3.14 
Purity (%) 99.8 34-40% Ca 
Melting temperature (°C) 2025 1100 
CAS 1344-28-1 12167-74-7 
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8. Orion 4-Star Plus Portable pH/ISE Meter (Thermo Fisher Scientific, Waltham, MA, 
USA) 
2.2.1 A brief description of X-ray diffraction using the diffractometer D8 Discover 
X-ray Diffraction (XRD) is a non-destructive method to analyze crystal phase, 
composition, orientation, and other properties including but not limited to grain size, strain, 
and defects of crystals (Figure 4). The X-ray diffraction pattern is a result of the unique 
crystal structure. Since the crystal structure is a result of the atomic arrangement of 
materials, when the atoms are arranged differently, a different diffraction pattern is 
produced. 
According to Bragg’s law (nλ = 2dsinθ), the x-ray diffraction pattern is achieved by 
the detection of the reflexed monochromatic x-rays from the sample (Figure 5). The 
position of diffraction peaks is determined by the distance between parallel planes of atoms 
while both wavelength and angle 2θ were specified. In general, Cu Kα X-rays 
(λ = 0.15406 nm) with specific voltages (40 kV) and current (40 mA) are used to process 
X-ray diffractograms of each sample. 
 
 
Figure 4. Bruker X-ray diffraction machine D8 Discover. 
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Figure 5. Bragg-Brentano geometry (θ-2θ). The incident angle (θ) is defined as an angle 
between incident beam from x-ray source and the sample surface while the diffraction 
angle (2θ) is defined as an angle between incident beam and the detector.  
This illustration was obtained from Kenny et al. (74). 
 
2.2.2 A brief description of Field Emission Analytic Scanning Electron Microscope equipped 
with energy dispersive spectrometer 
Field emission analytic scanning electron microscope (FE-SEM) is usually 
equipped with an energy dispersive spectrometer (EDS) to expand the area of investigation. 
While FE-SEM aims to generate high resolution images by scanning with a high energy 
beam of electrons, EDS uses these electrons to generate an EDS pattern to reveal chemical 
composition in terms of individual element components (Figure 6).  
Given the mechanism of FE-SEM, after electrons interact with the objects, 
secondary electrons are released from the objects with different velocity depended on the 
surface structure. Secondary electrons are detected by the detector and generate the signal. 
The signal is further amplified and converted into scanning images. However, EDS possess 
another detector separated from FE-SEM. The absorbed energy from individual X-rays is 
converted into electrical voltages of proportional size and generates EDS patterns. 
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Although FE-SEM as well as EDS provide numerous benefits such as high 
magnification images with high resolution, spot mode and mapping mode analysis of 
elemental spectrum, there are two aspects to consider before using FE-SEM and EDS. First, 
the surface coating for current conductivity is essential to obtain high resolution images. It 
can be done by coating with a very thin layer of carbon, gold, or gold-palladium. However, 
the porous and/or rough surface is relatively challenging for the coating procedure because 
it is possible to have too much or too little coat in a certain area. This possibly causes 
scattering charges on the obtained images during measurement. 
Secondly, gold-palladium coating can interfere with the results of EDS due to the 
presents of an extra peak for palladium and the overlapping peaks in the EDS spectrum. 
This interference can be avoided by measuring under variable pressure mode (VP) because 
conductive coating is not required for the measurement (Figure 7). 
   
 
Figure 6. Field emission analytic scanning electron microscope  
equipped with an energy dispersive spectrometer. 
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      Figure 7. Sputter coating machine for enhancing electrical conductivity 
of ceramic matrix specimens. 
 
2.2.3 A brief description of Optical profilometer Zygo NewView 9000 
The surface roughness and surface topography are the important features of bone 
substitute materials. A common surface roughness measurement is often performed using 
a contact-type system. However, a contact-type surface roughness measurement requires a 
stylus to trace the surface of the sample. Obviously, several drawbacks from the stylus are 
usually observed including the stylus marking on a sample, the wear of the stylus tip, and 
the inaccurate measurement if the size of the stylus tip prevents is from actually fitting into 
the grooves on the surface.  
To overcome these drawbacks, a noncontact measurement system such as  the Zygo 
optical profiler can provide area roughness, step heights, and topographical features from 
nanometer to millimeter level (Figure 8). Since the optical profiler uses wave properties of 
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light reflected from different surfaces, it can determine the height differences and surface 
topography without damaging the material surface. 
According to ISO 25178, there were numerous groups of surface texture parameters 
such as height, spatial, hybrid, functional, and features. In this study, the parameters (Sa, 
Sq, and Sz) under the height category were evaluated. The definition of these parameters 
is described below. 
1. Sa – The extension of Ra in three-dimensional surface (Ra - arithmetical mean height of a 
line – two dimension). The height differences of the whole surface are compared to the 
arithmetical mean height of the surface. 
 
 
2. Sq – The root mean square roughness over the whole three-dimensional surface. It 
represents to the standard deviation of heights. 
 
 
3. Sz – The maximum height of the area surface. 
 
 
3.1 Sp – The maximum peak height of the whole areal surface 
 
 






∬  Z(x,y) dxdy 
Sq =       ∬  Z2(x,y) dxdy 
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  A 
Sz = Sp + Sv 
Sv = min (Z (x,y)) 




Figure 8. Optical profilometer Zygo NewView 9000. 
 
2.3 Methods 
2.3.1 Fabrication of 58S bioactive glass 
58S bioactive glasses were synthesized from a sol-gel technique as described 
elsewhere (75). Basically, a mixture of 1.6 mL of nitric acid (NA, Sigma-Aldrich, 
USA), 9.5 mL of reverse osmosis water, and 13.2 mL of tetraethyl orthosillicate (TEOS, 
Sigma-Aldrich, USA) were prepared under vigorous stirring. After 30 minutes of 
mixing 0.7 mL of triethyphosphate (TEP, Sigma-Aldrich, USA) was added to the 
mixing solution. After continuously stirring for 20 minutes, 5.8 mg of calcium nitrate 
tetrahydrate (CN, Sigma-Aldrich, USA) was added to the mixture. The mixtures were 
stirred continuously until 1 hour to complete the hydrolysis reaction, then polyethylene 
glycol was added (MW 8000, Alfa Aesar, USA). The mixtures were stirred 




The solution was aged in an incubator at 60 °C for 24 hours, then dried at 180 
°C for 2 hours. The dried gel was sintered at 800 °C for 3 hours with a ramp rate of 1 
°C/min (Figure 9). After sintering, the glass particles were milled with zirconia beads 
and sieved to achieve a particle size less than 150 μm. 
 
Figure 9. Furnace used for 58S bioactive glass preparation. 
 
2.3.2 Fabrication of bioactive glass disc  
10 mg of 58S bioactive glass powder was mixed with 13 mL of reverse osmosis 
water and 0.1 mL of dispersant (Darvan C-N) with a SpeedMixerTM at 1,200 RPM 
for 1 minute. A clean gypsum plate was coated with a thin layer of alginate solution 
(Protanal 1816, USA). Alginate solution was prepared by mixing 1.5 grams of alginate 
powder and 100 mL of reverse osmosis water. A thin layer of Petroleum jelly was 
applied on cylindrical plastic molds or polyvinyl siloxane molds and then placed on the 
alginate coated gypsum plate. The slurry mixture was dispensing into cylindrical plastic 
molds to achieve approximately 3 mm thickness. The molds were covered and stored 
at room temperature for 3 days. After drying, all specimens were carefully removed 
from the molded. Eighteen specimens were randomly divided into three groups. The 
specimens were sintered at different final sintering temperatures at 1200 °C, 1250 °C, 
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and 1300 °C for 1 hour with a ramp rate of 5 °C/min, then cooled down with a ramp 
rate of 1 °C/min. 
After sintering process, the excess material of the sintered specimens was 
smoothed by using a grinding and polishing machine with 15 µm grit size diamond disc 
to achieve 2 mm thickness and 14 mm diameter. Specimens with visible defects were 
excluded. Specimen’s weight was measured using an analytical balance while the 
diameter as well as the thickness were measured by using digital caliper (Mitutoyo, 
Japan). Density of each specimen was calculated from the following equation:  
P0 = 0 / (πr2h); where  
P0 = density of porous ceramic matrix (g/cm3) 
0 = mass of porous ceramic matrix (g) 
r = radius of ceramic specimen (cm) 
h = thickness of ceramic specimen (cm) 
To determine the proper sintering temperature for optimal ceramic matrix 
properties, biaxial flexural strength test was performed. Since bioactive glass is brittle 
in nature, the polymer infiltration into bioactive glass disc was prepared prior to the 
mechanical testing. Biaxial flexural strength test was measured using a Universal 
testing machine (Model5566A). Each specimen presented 14 mm in diameter and 2 
mm in thickness. A ball-on-three-balls configuration was used to apply load at a 
crosshead speed of 0.5 mm/min. Bluehill Universal software (Norwood, MA) was used 
to set up measurement and calculation. 
 
2.3.3 Fabrication of ceramic matrix composite disc 
Similar to the fabrication of bioactive glass disc, ceramic matrix specimens were 
fabricated by a slip casting technique. The slip casting was prepared by mixing ceramic 
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(Sigma-Aldrich, USA) and 3,026 mg (50 mM) of Tris (Sigma-Aldrich, USA) were 
added consecutively. The solution was continuously stirred with a magnetic stirring 
bar. The pH of the solution was adjusted to 7.8 with 1M of hydrochloric acid (Fisher 
Scientific, NJ) using a pH indicator (Orion 4-Star Plus Portable pH/ISE Meter). 163 mg 
of potassium phosphate monobasic (Sigma-Aldrich, USA) was added into reverse 
osmosis water separately. After potassium phosphate completely dissolved, the two 
solutions were mixed. The final pH was adjusted to 7.3 with 1M of hydrochloric acid. 
Reverse osmosis water was added to reach 500 mL in total volume. The clear solution 
was contained in a sealed glass container and stored at room temperature. 
 



















100:0:0 10 - - 3.1 0.1 AL 
100:0:0 - 10 - 9 0.1 HA 
100:0:0 - - 10 13 0.1 BG 
70:30:0 14 6 - 13 0.1 AL70HA30 
50:50:0 7.5 7.5 - 13 0.1 AL50HA50 
30:70:0 6 14 - 18 0.1 AL30HA70 
70:0:30 12.6 - 5.4 10 0.1 AL70BG30 
50:0:50 6 - 6 6 0.1 AL50BG50 
30:0:70 4.3 - 10 12 0.1 AL30BG70 
0:70:30 - 11.69 5 19 0.1 HA70BG30 
0:50:50 - 5 5 10 0.1 HA50BG50 
0:30:70 - 5 11.69 14 0.1 HA30BG70 
40:40:20 10 10 5 25 0.2 HABGAL 
*AL: Alumina; HA: Hydroxyapatite; BG: Bioactive glass 
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2.3.5 Bioactivity 
Two specimens from each group were cleaned in an ultrasonic water bath and 
then placed in 20 mL liquid scintillation vials. 15 mL of calcification solution was 
added in each vial. All vials were tightly sealed and stored incubators at 37 °C. After 
16-hour incubation, the specimens were removed and rinsed thoroughly with reverse 
osmosis water. Prior to further analysis, all specimens were left to dry naturally. 
 
2.3.6 Physical characterization 
2.3.6.1 Crystal characterization and their compositions 
The presence of crystalline phases and phase changes in composite materials 
and deposition of hydroxyapatite crystalline were assessed by X-ray diffraction (D8 
Discover, Bruker AXS LLC, WI). D8 Discover allows for a high-resolution X-ray 
diffraction analysis. XRD (X-ray diffraction) was used to examine powder specimen 
and disc specimens before and after immersion in calcification solution. X-ray 
diffraction patterns were collected using Cu-Kα radiation (λ = 1.5418 Å) with specific 
voltages at 40 kV / current 40 mA. Under standard parameters, it was included a 
coupled two theta/theta scan type with continuous position-sensitive detector (PSD) 
fast scan mode), 9.5 mm of detector slit with auto rotary absorber, 40 kV of voltage and 
40 mA of current. Prior to measurement, Z axis was measured and set on every sample. 
Spectra data were collected over the 2θ range from 15° to 80° at a step size of 0.0252 
and a time of 1 s/step for all specimens. Effective time of each specimen was 2,684 
seconds with 2,582 steps. 
All the intensities were exported  in BRML (Big Red Markup Language) and 
XYE (simple text) file and then conversion of the BRML file to a GSAS STD (GSAS 
standard - *.gsas) file was done in order to map the peak with GSAS II software (77). 
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The GSAS-II were used to identify crystallographic phases for the Rietveld 
refinements. The XRD data were compared to the reference patterns from PDF-4+ 2020 
software (Newtown Square, PA) and Jade software (Material Data, Inc, CA, USA) in 
order to determine the phases fraction and weight fraction in each group. Less than 15 
wR% was considered as an acceptable of matched peaks. 
 
2.3.6.2 Microstructure and composition 
Field Emission Analytic Scanning Electron Microscope (FESEM, Hitachi 
SU6600) equipped with AZtec X-Max 50 SDD energy dispersive spectrometer (Oxford 
Instruments Nanoanalysis, MA) was used to examine microstructure, morphology and 
elemental composition. The elemental analysis of uncoated specimens was evaluated 
at magnification of 5000x under variable pressure mode at 60 Pa with 15kV of voltage 
and 10 mm of working distance. The elemental abundances in weight percentage and 
atomic ratio of each specimen were quantitatively measured and analyzed from three 
different areas of the specimen (All elements calculation with processing time = 4). 
Prior to crystal morphology examination, the specimens were coated with gold-
palladium to increase the electrical conductivity. A standard magnification (1,000×) 
was used to examine the overall structure of the network. Higher magnification 
(5,000×) was used to examine the interconnection of crystal structure and morphology. 
Grain size calculation was performed by measured SEM images with magnification of 
5000x with Nano measurer 1.2 (Fudan University, China). The straight tool was 
calibrated on each scan with standard scale. Moreover, the calcium phosphate 
deposition on the ceramic surface was explored with FE-SEM with backscattered 
electron (BSE).  
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2.3.6.3 Surface topography  
A specimen from each group was randomly selected. An optical profiler Zygo 
NewView 900 (Zygo corporation, CT) was used to evaluate specimens for area 
roughness. Field zoom lenses and objectives were set at 2.0x and 2.5x, respectively. 
The scan length was from 20 – 145 µm. The two- and three- dimensional images were 
obtained from different locations (3 locations per group). The area roughness was 
determined as an average of Sa, Sq, and Sz. 
 
2.3.7 Mechanical property 
Biaxial flexural strength 
All specimens were set up to measure biaxial flexural strength. Maximum 
compressive load was measured in Newton using a universal testing machine (Model 
5566A; Instron Corp, Norwood, MA, USA) equipped with 1 kN load cell. Each 
specimen was measured the diameter as well as the thickness by using digital caliper 
(Mitutoyo, Japan). The diameter of each specimen group ranged from 13 to 21 mm 
while approximately 2 mm in thickness was obtained in all specimens. A ball-on-three-
balls configuration was used to apply load at a crosshead speed of 0.5 mm/min. Load 
was applied to the center of the specimen and increased until castastrophic failure 
occurred. Bluehill Universal software (Instron, Norwood, MA) was used to set up 
measurement and calculation. Biaxial flexural strength was calculated according to the 
following equations (78): 
σ = -0.2387[P (X – Y)/b2] 
X = [(1+ v) In (r2 / r3)2] + [(1 – v) / 2] (r2/r3)2 
Y = (1+ v) [1 + In (r1 / r3)2] + (1 – v) (r1 / r3)2 
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σ: biaxial flexural strength (MPa) 
P: the total load causing fracture (N) 
b: thickness at fracture origin (mm) 
v: Poisson’s ratio (0.23) 
r1: radius of the support circle (mm) 
r2: radius of the piston (mm) 
r3: radius of the specimen (mm) 
 
2.3.8 Bioactivity study 
In-vitro bioactivity study was carried out by immersing the specimens in a 
calcification solution in physiological environment for certain period of time. After 
removing specimens from scintillation vials, the specimens were carefully rinsed with 
reverse osmosis water and left to dry overnight. All specimens without gold sputter 
coating were examined with EDS and XDR while the deposited calcium phosphate 
crystal structure were examined with FE-SEM on gold-palladium coated specimens. 
 
2.4 Statistical analysis 
 The data obtained from biaxial flexural strength measurement were described using 
average, standard deviation (SD), and coefficient of variation (COV) while the data obtained 
from optical profilometer were also expressed as average and SD. Descriptive data from 
elemental analysis was measured as weight percentage and atomic ratio. Biaxial flexural 
strength and surface area roughness was analyzed using one-way analysis of variance 
(ANOVA) and Tukey HSD test for multiple comparison. The statistical analysis was 
performed using JMP Pro 15 software (SAS Institute Inc., Cary, NC). P-value of <0.05 was 
considered as a statistically significant. 
 41
Chapter 3: Results 
3.1 Density of 58S bioactive glass at different sintering temperatures 
Sintering bioactive glass discs at different temperatures revealed no significant 
difference in materials’ density as shown in Table 10. 
 








58S bioactive glass 
1200  1.23 (0.11) a 
0.187 1250 1.26 (0.12) a 
1300 1.15 (0.04) a 
*Levels not connected by same letter are significantly different. 
 
3.2 Microstructure of ceramic matrix samples analysis  
FE-SEM analysis revealed the microstructure of ceramic matrix samples. The SEM 
images from ceramic matrix specimens before and after immersion in calcification are shown 
in Figure 11-23 (A1). After immersion in the calcification solution for 16 hours under 
physiologic condition, FE-SEM analysis under backscattered electron (BSE) showed calcium 
phosphate crystal precipitation on the surface of the bioactive glass matrix, hydroxyapatite 
matrix and the combination of ceramic matrix hydroxyapatite and bioactive glass as shown in 
Figure 11-23 (A2). A dense plate-like crystal structure was generally found on the specimen’s 
surface. 
 Furthermore, SEM images of each ceramic matrix group at magnification of 5,000x 
were used to analyze the particle size of the ceramic matrix. The mean and standard deviation 




Figure 11. FE-SEM analysis of alumina – AL. Ceramic matrix before (A) and after (B) 






Figure 12. FE-SEM analysis of 58S bioactive glass – BG. Ceramic matrix before (A) and after 






Figure 13. FE-SEM analysis of hydroxyapatite – HA. Ceramic matrix before (A) and after (B) 






Figure 14. FE-SEM analysis of AL30BG70. Ceramic matrix before (A) and after (B) 






Figure 15. FE-SEM analysis of AL50BG50. Ceramic matrix before (A) and after (B) 






Figure 16. FE-SEM analysis of AL70BG30. Ceramic matrix before (A) and after (B) 







Figure 17. FE-SEM analysis of AL30HA70. Ceramic matrix before (A) and after (B) 






Figure 18. FE-SEM analysis of AL50HA50. Ceramic matrix before (A) and after (B) 






Figure 19. FE-SEM analysis of AL70HA30. Ceramic matrix before (A) and after (B) 





Figure 20. FE-SEM analysis of HA30BG70. Ceramic matrix before (A) and after (B) 





Figure 21. FE-SEM analysis of HA50BG50. Ceramic matrix before (A) and after (B) 






Figure 22. FE-SEM analysis of HA70BG30. Ceramic matrix before (A) and after (B) 







3.3 Elemental composition  
Elemental analysis was obtained from three different areas of each ceramic matrix 
specimen. The elemental composition is presented as the average weight percent and atomic 
percent before and after immersion in calcification solution (Table 12-15).  
Table 12. The average weight percent (wt%) of the elemental composition of each ceramic 
matrix prior to immersion in calcification solution.  
Group 
Average weight percent (standard deviation) 


























































































































































*AL: Alumina; HA: Hydroxyapatite; BG: Bioactive glass  
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Table 13. The average atomic percent (at%) of the elemental composition of each ceramic 
matrix prior to immersion in calcification solution.  
Group 
Average atomic percent (standard deviation) Atomic 











































































































































































Table 14. The average weight percent (wt%) of the elemental composition of each ceramic 
matrix after immersion in calcification solution.  
Group 
Average weight percent (standard deviation) 






























































































































































Table 15. The average atomic percent (at%) of the elemental composition of each ceramic 
matrix after immersion in calcification solution. 
Group 
Average atomic percent (standard deviation) Atomic 








































































































































































3.4 Crystal characterization 
 X-ray diffraction (XRD) analysis was used to identify crystal phases of each ceramic 
matrix group. The phase composition analysis performed by Rietveld refinements on XRD raw 
data using GSAS-II was shown in Table 16-18. 58S bioactive glass prepared by sol-gel 
technique showed three major phases as silicon oxide (SiO2), tricalcium silicate (Ca3Si3O9), 
and calcium metasilicate (CaSiO3) after sintering at 1250 °C and higher temperature, which 
presented 0.380, 0.374, 0.246 of weight fraction, respectively. 
Furthermore, new crystal phases were found in all combination groups. However, the 
different content ratio can also contribute to another new phase. For instance, the combination 
of alumina and hydroxyapatite showed three major phases including Al2O3, Ca3(PO4)2 and 
CaAl4O7 whereas there was no Al2O3 in AL30HA70 group but Ca9Al(PO4)7 was detected 
instead. Moreover, CaAl2Si2O8 was found to be a major compound in the combination of 
alumina and bioactive glass. 
 
Table 16. The phase composition analysis of bioactive glass after sintering at different sintering 











Ca3Si3O9 0.361 0.535 74-0874 / 26553 
10.892 
CaSiO3 0.639 0.465 89-6463 / 87694 
1250 °C 
CaSiO3 0.103 0.246 89-6463 / 87694 
12.854 Ca3Si3O9 0.074 0.374 74-0874 / 26553 
SiO2 0.823 0.380 39-1425 / 75484 
1300 °C 
CaSiO3 0.052 0.280 89-6463 / 87694 
13.602 Ca3Si3O9 0.122 0.328 74-0874 / 26553 




Table 17. The phase composition analysis of ceramic materials performed by Rietveld 









AL Al2O3 1.000 1.000 04-010-6476 11.112 
BG 
CaSiO3 0.103 0.246 89-6463 / 87694 
12.854 Ca3Si3O9 0.074 0.374 74-0874 / 26553 
SiO2 0.823 0.380 39-1425 / 75484 
HA Ca5(PO4)3OH 1.000 1.000 04-016-1709 10.768 
AL70HA30 
CaAl4O7 0.119 0.171 01-076-0706 
11.500 Ca3(PO4)2 0.064 0.211 04-018-9895 
Al2O3 0.817 0.618 04-010-6476 
AL50HA50 
CaAl4O7 0.032 0.030 NA / 14270 
7.683 
Ca9Al(PO4)7 0.028 0.158 48-1192 
CaAl4O7 0.176 0.172 NA / 16191 
Ca3(PO4)2 0.036 0.239 70-0364 / 923 
Al2O3 0.728 0.402 NA / 60419 
AL30HA70 
Ca9Al(PO4)7 0.137 0.308 48-1192 
14.031 CaAl4O7 0.746 0.323 74-1467 / 27264 
Ca3(PO4)2 0.120 0.370 70-0364 / 923 
HA30BG70 
Ca10(PO4)6O 0.025 0.031 89-6495 / 87727 
13.524 
Ca3(PO4)2 0.666 0.252 86-1585 / 200202 
CaSiO3  0.178 0.280 89-6463 / 87694 
Ca3(SiO3)3 0.132 0.437 89-6485 / 87716 
HA50BG50 
CaSiO3 0.038 0.062 89-6463 / 87694 
12.307 
Ca10(PO4)6O 0.056 0.068 89-6495 / 87727 
Ca3(SiO4)O 0.014 0.072 NA / 4331 
Ca3(PO4)2 0.008 0.075 70-0364 / 923 




Table 17. The phase composition analysis of ceramic materials performed by Rietveld 










Ca3(SiO3)3 0.082 0.271 89-6485 / 87716 
12.307 
Ca3(PO4)2 0.760 0.303 86-1585 / 200202 
HA70BG30 
Ca3(SiO3)3 0.029 0.091 89-6485 / 87716 
14.913 
Ca3(SiO4)O 0.021 0.099 NA / 4331 
CaSiO3 0.062 0.105 89-6463 / 87694 
Ca3(PO4)2 0.015 0.126 70-0364 / 923 
Ca3(PO4)2 0.596 0.259 86-1585 / 200202 
Ca10(PO4)6O 0.277 0.320 89-6495 / 87727 
AL30BG70 
Al2SiO5 0.081 0.040 72-1447 / 16976 
9.386 Al2O3 0.451 0.192 71-1123 / 9770 
CaAl2Si2O8 0.469 0.768 70-0287 / 654 
AL50BG50 
Al2SiO5 0.018 0.010 72-1447 / 16976 
11.029 Al2O3 0.785 0.490 10-0173 / 60419 
CaAl2Si2O8 0.198 0.500 70-0287 / 654 
AL70BG30 
CaAl2Si2O8 0.183 0.418 89-1472 / 86330 
10.330 
Al2O3 0.817 0.582 71-1123 / 9770 
HABGAL 
CaAl4O7 0.095 0.118 72-0767 / 16191 
11.700 
Ca3(PO4)2 0.029 0.185 70-0364 / 923 
CaAl2Si2O8 0.168 0.327 89-1472 / 86330 
Al2O3 0.708 0.370 78-2426 / 63647 
* Ca3(SiO3)3 = Tricalcium silicate (Pseudowollastonite); CaSiO3 = Calcium metasilicate 
(Wollastonite); CaAl2Si2O8 = Calcium aluminosilicate; CaAl4O7 = Grossite; Al2SiO5 = 






After immersion in calcification solution, apatite-like phase was detected on the surface 
of ceramic matrix groups such as bioactive glass and hydroxyapatite matrix as shown in Table 
18. 
 
Table 18. The phase composition analysis of alumina, bioactive glass and hydroxyapatite 
matrix after immersion in calcification solution performed by Rietveld refinements using 
GSAS-II. 






AL Al2O3 1.000 1.000 04-010-6476 13.536 
BG 
Ca5(PO4)3OH 0.025 0.127 NA / 50656 
12.315 CaSiO3 0.103 0.384 89-6463 / 87694 
SiO2 0.884 0.579 39-1425 / 75484 
HA 
Ca5(PO4)3OH 0.026 0.017 04-016-1709 
11.924 Ca8H2(PO4)6(H2O)5 0.146 0.144 NA / 27050 
Ca5(PO4)3OH 0.828 0.839 NA / 50656 
 
The comparison of XRD pattern of ceramic materials before and after immersion in 















3.5 Surface roughness of composite materials  
The topical profiles determined by optical profiler of the macrostructure of the polished 
surface of all ceramic matrix samples at 20X magnification are shown in Figures 29-41. Since 
bioactive glass had the greatest roughness, all composite matrix scaffolds with bioactive glass 
also showed a greater roughness compared to alumina and hydroxyapatite.  
The mean and standard deviation (SD) of surface area roughness of the composite 
materials are also calculate as shown in Table 19. The ANOVA and Tukey HSD analysis 
showed the significant differences of surface area roughness (Sa – arithmetical mean height), 
root mean square height (Sq) and maximum height (Sz) among these ceramic matrix materials 































Figure 29. Optical profiler analysis of alumina – AL. 3-dimentional topographical image of 
ceramic matrix before immersion in calcification solution at magnification of 20x. The 
























Figure 30. Optical profiler analysis - hydroxyapatite – HA. 3-dimentional topographical image 
of ceramic matrix before immersion in calcification solution at magnification of 20x. The 























Figure 31. Optical profiler analysis 58S bioactive glass – BG. 3-dimentional topographical 
image of ceramic matrix before immersion in calcification solution at magnification of 20x. 
























Figure 32. Optical profiler analysis - AL30BG70. 3-dimentional topographical image of 
ceramic matrix before immersion in calcification solution at magnification of 20x. The 
























Figure 33. Optical profiler analysis - AL50BG50. 3-dimentional topographical image of 
ceramic matrix before immersion in calcification solution at magnification of 20x. The 
























Figure 34. Optical profiler analysis - AL70BG30. 3-dimentional topographical image of 
ceramic matrix before immersion in calcification solution at magnification of 20x. The 
























Figure 35. Optical profiler analysis - AL30HA70. 3-dimentional topographical image of 
ceramic matrix before immersion in calcification solution at magnification of 20x. The 
























Figure 36. Optical profiler analysis - AL50HA50. 3-dimentional topographical image of 
ceramic matrix before immersion in calcification solution at magnification of 20x. The 
























Figure 37. Optical profiler analysis - AL70HA30. 3-dimentional topographical image of 
ceramic matrix before immersion in calcification solution at magnification of 20x. The 
























Figure 38. Optical profiler analysis - HA30BG70. 3-dimentional topographical image of 
ceramic matrix before immersion in calcification solution at magnification of 20x. The 
























Figure 39. Optical profiler analysis - HA50BG50. 3-dimentional topographical image of 
ceramic matrix before immersion in calcification solution at magnification of 20x. The 
























Figure 40. Optical profiler analysis - HA70BG30. 3-dimentional topographical image of 
ceramic matrix before immersion in calcification solution at magnification of 20x. The 
























Figure 41. Optical profiler analysis - HABGAL. 3-dimentional topographical image of ceramic 
matrix before immersion in calcification solution at magnification of 20x. The different color 











Table 19. The mean and standard deviation (SD) of surface roughness of the composite 
materials. (N = 3 / groups) 
Specimen groups 
Mean (SD) (μm) 
Sa Sq Sz 
AL 0.740 (0.229) E 2.561 (2.525) F 8.484 (2.653) F 
BG 12.493 (1.198) B 15.777 (1.411) B C 100.528 (4.696) B C 
HA 0.905 (0.121) E 1.294 (0.162) F 16.938 (2.111) E F 
AL70HA30 1.173 (0.040) E 1.638 (0.077) F 16.404 (3.051) E F 
AL50HA50 2.239 (0.362) E 2.846 (0.423) F 19.422 (2.185) E F 
AL30HA70 1.670 (0.079) E 2.145 (0.093) F 16.933 (1.519) E F 
HA30BG70 12.184 (0.403) B 15.862 (0.516) B C 98.188 (9.100) B C 
HA50BG50 10.727 (1.222) B C 13.652 (1.505) C D 98.764 (17.317) B C 
HA70BG30 14.089 (1.022) A B 17.629 (0.961) A B C 115.362 (8.231) A B 
AL30BG70 17.779 (4.160) A 22.463 (4.740) A 140.888 (30.844) A 
AL50BG50 17.306 (1.129) A 20.484 (1.208) A B 107.118 (4.866) B C 
AL70BG30 7.550 (1.393) C D 10.740 (1.092) D E 76.341 (3.644) A B 
HABGAL 4.103 (0.476) D E 5.872 (0.504) E F 44.836 (9.640) D E 




















3.6 Biaxial flexural strength 
 Due to the brittleness of bioactive glass disc, each disc was infiltrated with a mixture 
of polymers prior to mechanical testing. A group of bioactive glass sintering at 1250 °C 
presented the highest average biaxial flexural strength at 148.99 ± 5.98 MPa while other groups 
(1200 °C and 1300 °C) demonstrate lower flexural strength at 145.17 ± 16.80 MPa and  
137.12 ± 9.65 MPa, respectively. However, there was no statistically significant difference 
among three different sintering groups. 
Mean, standard deviation and coefficient of variance of composite materials are 
illustrated in Table 19 and Figure 43. There was a statistically significant difference in biaxial 
flexural strength among groups (p<0.0001). The bioactive glass contained composite materials 
without alumina showed a low strength value at approximately 1 – 5 MPa. Although the 
alumina contained composite materials showed relative higher strength value, the strength 
ranged from 9 – 47 MPa depending upon on the exact composition. The biaxial flexural 
strength of the alumina disc matrix material was lower than the fully sintered alumina.  
 For biaxial flexural strength of hydroxyapatite/bioactive glass discs, the regular 
hydroxyapatite disc showed higher strength than the combined materials except the three 
combination which presented equal strength to hydroxyapatite alone. While the bioactive glass 









Table 20.  The mean and standard deviation (SD) biaxial flexural strength and their 
coefficient of variation among different composite materials. (N = 8 / groups). 
Groups Mean (MPa) SD COV Sig. 
AL 177.1107 16.31 9.21 A 
BG 5.0511 1.23 24.44 F 
HA 31.9801 8.39 26.24 C 
AL70HA30 23.2843 3.87 16.6 C D 
AL50HA50 9.1328 1.21 13.29 E F 
AL30HA70 10.1965 1.76 17.29 E F 
HA30BG70 2.2657 0.32 14.31 F 
HA50BG50 1.6508 0.21 13.02 F 
HA70BG30 3.3042 0.88 26.53 F 
AL30BG70 15.3817 1.16 7.55 D E 
AL50BG50 31.2049 3.55 11.39 C 
AL70BG30 47.6803 1.53 3.21 B 
HABGAL 32.3895 7.47 23.08 C 








Chapter 4: Discussion 
The use of alloplastic / synthetic grafting materials as a bone substitute in dentistry 
increased dramatically. The use of these materials may improve treatment outcomes and reduce 
comorbid conditions after surgery due to the lack of a donor site. Unfortunately, not every 
available bone substitute material presents all the desired properties. For instance, bioactive 
glass provides outstanding osteoinductive and osteoconductive properties but very low 
compressive strength at around 0.5 - 2.5 MPa (63). Therefore, bioactive glass cannot be used 
in the load bearing areas.  
Although there have been plenty of attempts to combine different materials in order to 
improve their properties including physical, mechanical, and/or biological properties, 
numerous combinations do not reveal the desired improvement but may contribute to another 
disadvantage. For example, Lee et al. coated alumina matrix with hydroxyapatite with a 
dipping technique (79). Their results showed improvement of compressive strength from the 
infiltration of hydroxyapatite into the alumina matrix. However, this infiltration decreased pore 
volume of the scaffold which may prevent bone cell ingrowth (79). 
Recently, the enormous progress in CAD/CAM systems paved a way for fabricating 
three-dimension scaffolds to enhance more bone cell ingrowth by pre-fabrication of pore 
connectivity as compared to conventional technique. However, most available three-
dimensional scaffolds are fabricated from a single material with some limitations such as 
microcracks in sintered β-TCP scaffold (44,80). Therefore, this study is a preliminary study to 
examine the effect of the combination of different ceramic materials on surface topography, 
crystallography, bioactivity, and mechanical properties. 
1. Surface topography 
In general, surface topography is affected by roughness of the surface and patterns on 
the surface (81). Although the value of surface roughness is equal; cell behaviors such as 
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adhesion, migration, proliferation, and differentiation can be different depending upon 
topographical patterns as shown in Figure 44. Various levels of topographical patterns were 
found to effect bone cells interaction on the surface of implant materials as shown in  
Figure 45. In the nanoscale, the topographic pattern was reported to modulate cell morphology, 
adhesion, differentiation, and so forth (81).  Yang et al. found that the differentiation of 
mesenchymal stem cells was observed mostly on surface topography with average roughness 
(Ra) ranging from 0.77 to 1.09 μm and mean distance between peaks (RSm) ranging from 53.9 
to 39.3 μm (82).  
 
 
Figure 44. Different topographical patterns of bone – implant materials. 
(Source: Gui N, et al. . Biomater Sci. 2018 Feb 1;6(2):250–64.) 
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Figure 45. The interaction of bone cells on the different levels (microscale, 
submicroscale, and nanoscale) of bone – implant interface. 
(Source: Gui N, et al. . Biomater Sci. 2018 Feb 1;6(2):250–64.) 
 
In fact, surface roughness is affected by numerous factors such as mold surface, powder 
grain size, particle form, particle size distribution, debinding process and sintering schedule 
(83). In this study, the original particle size of alumina, hydroxyapatite, and bioactive glass was 
different (0.6, 4.66, and 6.79 μm, respectively). While the original particle form of the 
commercial alumina and hydroxyapatite was composed of relatively homogenous and fine-
sized particles, the sol-gel 58S bioactive glass had a course particle structure. 
After the sintering process, the alumina and hydroxyapatite matrix showed lower 
surface area roughness than the bioactive glass matrix. The plausible explanation was the large 
and irregular particle size of bioactive glass particles contributing to an open porous structure. 
The ceramic matrix combination roughness was mostly dependent upon the effect of large 
particle size components on the maximum height of the area surface (Sz) and surface area 
roughness (Sa). For example, most bioactive glass containing ceramic matrix materials had a 
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relatively high maximum height of the area surface and surface area roughness without a 
statistically difference among groups. 
2. Crystallography 
For bioactive glass, most studies on the thermal behavior of bioactive glass mainly 
observed the crystallization process in 45S5 bioactive glass (conventional bioactive glass). The 
combeite phase (Na2+2xCa2-x[Si3O9]; 0 ≤ x ≤ 0.5) was normally formed after heat treatment and 
considered as a mechanically strong phase (84). Nawaz et al. found that the combeite phase 
increased following the sintering time at 600 °C while calcium silicate-phosphate phase 
Ca15(PO4)2(SiO4)6 decomposed after two hours of heat treatment. However, after increasing 
sintering temperature to 700 °C, only combeite phase and Na2Ca2Si2O7 crystalline phase were 
mainly observed (85). This demonstrates the influence of the temperature and time of thermal 
treatment on the composition of the crystalline phases. 
Nevertheless, this study used 58S bioactive glass as one of composite compositions. 
Therefore, there was no combeite phased detected (lack of Na). This study showed that two 
main phases (pseudowollastonite (Ca3Si3O9) and wollastonite (CaSiO3)) were found after 
sintering at 1200 °C, 1250 °C, 1300 °C. Several studies believed that these phases related to an 
increase of bioactivity (86,87). Similar to this study, Ma et al. found that the amount of 
pseudowollastonite phase decreased while wollastonite increased after increasing sintering 
temperature (87). Moreover, the Rietveld refinements showed the presence of silicon dioxide 
(SiO2) after sintering 58S bioactive at 1250 °C and 1300 °C. 
Only a few studies examined the fabrication of hydroxyapatite/bioactive glass 
composite but there was no phase composition analysis to identify crystallographic phases 
(88,89). Therefore, this study was the first to reveal the crystallographic phases of this 
composite. According to Rietveld refinement, the combination of hydroxyapatite and bioactive 
glass revealed tricalcium phosphate (Ca3(PO4)2) and tricalcium silicate (Ca3(SiO4)O) as newly 
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formed phase. This study emphasized the two effects of the amount of hydroxyapatite and 
bioactive glass on phase composition. First, tricalcium phosphate tended to increase when 
hydroxyapatite content increased while tricalcium silicate was also detected with increased 
hydroxyapatite content. The result of this study was a similar to Behnamghader’s study (90). 
After adding 2.5 - 5% wt% of bioactive glass (double oxide calcium phosphate) into synthetic 
hydroxyapatite, they found that hydroxyapatite partially decomposed into alpha-tricalcium 
phosphate (α-TCP) at 1300 °C and 1350 °C. Second, the amount of pseudowollastonite and 
wollastonite tended to decrease after a decrease in bioactive glass content (90). 
In addition, calcium aluminosilicate (anorthite - CaAl2Si2O8) was found as a major 
phase in the combination of bioactive glass and alumina matrix. In fact, there were several 
studies that reported the synthesis of anorthite-based ceramic by using wollastonite as one of 
the substrates to synthesize this calcium aluminosilicate phase (91,92). Since there was 
wollastonite in bioactive glass and the presence of aluminum oxide, calcium aluminosilicate 
was formed after heat treatment. Although there was no study on calcium aluminosilicate as a 
bone graft material, Eid et al. reported promising osteogenic potential of this ceramic phase 
(93). 
Given the combination of hydroxyapatite and alumina, according to Rietveld 
refinement, calcium aluminum phosphate (Ca9Al(PO4)7) phase was observed at high sintering 
temperatures similar to Hannora’s study (94). Hannora claimed that the transformation of 
HA/Al2O3 to Ca9Al(PO4)7 was correlated to the improvement of mechanical strength. 
However, our study showed a different trend of the mechanical strength. The biaxial flexural 
strength of the hydroxyapatite and alumina containing ceramic matrix showed lower strength 
compared to alumina matrix and hydroxyapatite matrix individually. Moreover, the result of 
this study implied that the improvement of mechanical strength was depended on the increase 




On measure of bioactivity is the ability of a material to induce the growth of an apatite 
like layer on its surface. Contrast to hydroxyapatite and bioactive glass, alumina is a high-
strength material which is highly biocompatible but with no bioactivity. Therefore, a ceramic 
composite material is an alternative to obtain bioactivity while maintaining high strength. 
In general, sintering temperature has a direct effect on bioactivity of bioactive glass 
because sintering at high temperatures promotes crystallization. The crystallization limit glass 
solubility and inhibit ion exchange, then delay the formation of apatite layer (87).        
Theodorou et al. compared the bioactivity of two different bioactive glasses (45S5 and 58S). 
The result showed that 58S bioactive glass produced a faster onset of the apatite formation 
(95). Moreover, Ma et al. showed that 58S bioactive glass sintered at high temperature (1200 
°C) still resulted in the deposition of apatite-like crystals after immersion in simulated body 
fluid (SBF) (87).  
Muralithran and Ramesh reported that the optimal sintering temperature of synthetic 
hydroxyapatite was 1250 °C; it starts to decompose to several phases such as α- and β- 
Ca3(PO4)2, Ca4(PO4)2O, and CaO at 1400 °C (96). Another study by Aarthy et al. explored the 
bioactivity of sintered natural hydroxyapatite. They found that the deposition of apatite layer 
after immersion in SBF decreased dramatically after sintering at 1400 °C (97). Therefore, all 
specimens in this study were sintered at 1250 °C to optimize material properties and avoid 
decomposition of certain components. 
For ceramic matrix materials immersed in a calcification solution, the FE-SEM images 
showed the deposition of apatite-like crystals on the surface of ceramic matrix containing 
hydroxyapatite and/or bioactive glass. However, only the alumina matrix showed no deposition 
of apatite-like crystals as was found in other studies. Similarly, EDS analysis of bioactive glass 
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showed the existence of Ca, P, O, and Si, and there was small amount of P similar to the XRD 
analysis (Ca/P atomic ratio = 15.50). Only three compositions including SiO2, Ca3Si3O9, and 
CaSiO3 were detected in the bioactive glass disc. After immersion in calcification solution, 
Ca/P atomic ratio was reduced to 1.60 which may imply the formation of calcium phosphate. 
However, ceramic substrates including bioactive glass and hydroxyapatite can interfere with 
the Ca/P atomic ratio obtained after immersion in calcification solution. Therefore, the Ca/P 
atomic ratio should be interpreted with caution. 
After immersion in calcification solution, the FE-SEM images showed the deposition 
of apatite-like crystal on the surface of the ceramic matrix containing hydroxyapatite and/or 
bioactive glass. However, only the alumina matrix showed no deposition of apatite-like 
crystals. This was confirmed by the results from Rietveld refinement of the XRD spectrum, 
there was no other phase on alumina surface after immersion in calcification solution. 
 
4. Biaxial flexural strength 
Since the aim of this study was to develop a graded scaffold with improved strength 
and bioactivity, mechanical testing is required to determine the ceramic’s strength. There are 
three common flexural tests including three-point, four-point, and biaxial flexural tests for 
ceramic materials according to the International Organization for Standardization (ISO). 
However, several studies reported the benefit of one test over another (98,99). Recently Miura 
et al. compared the reliability of three different flexural strength tests. The results showed a 
strong correlation among these bending tests (99). 
Given hydroxyapatite and alumina as individual bone materials, Hayashi et al. showed 
that the affinity of bone to hydroxyapatite was higher than alumina (100). To obtain high 
mechanical strength from alumina and bioactivity from hydroxyapatite, Li et al. fabricated 
hydroxyapatite-alumina (HA/Al2O3) composites and then placed them in a rabbit femur defect. 
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The result showed that hydroxyapatite at more than 70 vol% showed the highest push-out 
strength with new bone formation (101).  
In this study, alumina showed the highest biaxial flexural strength while hydroxyapatite 
and bioactive glass showed lower biaxial flexural strength, respectively. Compared to bioactive 
glass alone, the combination of bioactive glass with alumina significantly improved biaxial 
flexural strength while there was no significant difference after combining bioactive glass with 
hydroxyapatite. According to Behnamghader’s study, it was possible that there were 
microstructural defects in the combination of bioactive glass and hydroxyapatite matrix 
because the phase transformation of HA to TCP contributed to scaffold expansion (90). 
There was no significant difference in biaxial flexural strength when alumina content 
was less than 50 wt%. Flexural strength was significantly lower than a ceramic matrix with 
high alumina content. The plausible explanation is that the formation of calcium aluminum 
phosphate and tricalcium phosphate can decrease mechanical strength.  
In addition, the biaxial flexural strength of alumina is correlated with the increase of 
sintering temperature because of an increase in density. A fully dense alumina is required to be 
sintered above 1400 °C. However, the sintering temperature needed to achieve high density 
may be affected by other factors such as particle size (102). In this study, the final sintering 
temperature was used at 1250 °C because a higher sintering temperature can cause the 
decomposition of other material components such as hydroxyapatite. Although the biaxial 
flexural strength was significantly lower than fully sintered alumina, the strength is 
significantly greater than trabecular bone (103). Moreover, as a partial sintered material, 
porosity remained in the alumina matrix which may provide some benefits for on surface 
topography and porosity to allow for bone ingrowth. 
 Numerous factors such as particle size, particle form, sintering protocol, and fabrication 
techniques can affect material properties of the ceramic scaffolds. Further investigations are 
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required to balance properties of different materials within a single scaffold to maximize bone 
ingrowth and mechanical properties. 
 
Future Laboratory and Clinical Implication 
 The result of this in-vitro study provided information related to physical, mechanical, 
and bioactive properties of various ceramic matrix materials that may directly affect material 




















Chapter 5: Conclusions 
 With the limitations of this study, the following conclusions can be drawn according to 
its findings.  
1. Ceramic matrix containing bioactive glass presented greater surface roughness compared 
to other ceramic matrices without bioactive glass. Different combined ceramics showed a 
significant difference in surface area roughness while different ratios of combined ceramic 
matrix have no effect on surface area roughness. 
2. Ceramic matrix containing bioactive glass demonstrated the highest surface roughness 
while ceramic matrix containing alumina demonstrated the lowest surface roughness.  
3. Two crystal phases: tricalcium silicate (Ca3Si3O9) and calcium metasilicate (CaSiO3) were 
found in high temperature sintered bioactive glass. The combination of bioactive glass with 
alumina or hydroxyapatite produced another tricalcium silicate phase such as Ca3(SiO4)O. 
4. The XRD analysis of the combination of alumina and hydroxyapatite detected two new 
phases including grossite (CaAl4O7) and calcium aluminophosphate (Ca9Al(PO4)7). 
5. Ceramic matrix containing bioactive glass or hydroxyapatite produced greater deposition 
of calcium phosphate crystals.  
6. The combination of bioactive glass and hydroxyapatite showed the greatest amount of the 
precipitated calcium phosphate crystals. 
7. The alumina ceramic matrix had the highest biaxial flexural strength while hydroxyapatite 
and bioactive glass had the lowest biaxial flexural strength. 
8. The combination of alumina with hydroxyapatite or bioactive glass improved biaxial 
flexural strength; increasing alumina content produced a matrix with greater strength. 
9. The combination of hydroxyapatite with bioactive glass had a lower biaxial flexural 
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Figure 46. FE-SEM analysis 
of alumina at magnification 
of 1,000x and 5,000x. (A1) 
before embedded in epoxy 
resin; (B1) and (B2) after 









Figure 47. FE-SEM analysis 
of hydroxyapatite at 
magnification of 1,000 and 
5,000x. (A1) before 
embedded in epoxy resin; 
(B1) and (B2) after 









Figure 48. FE-SEM analysis 
of bioactive glass at 
magnification of 1,000x and 
5,000x. (A1) before 
embedded in epoxy resin; 
(B1) and (B2) after 









Figure 49. FE-SEM analysis 
of AL30BG70 at 
magnification of 1,000x and 
5,000x. (A1) before 
embedded in epoxy resin; 
(B1) and (B2) after 









Figure 50. FE-SEM analysis 
of AL50BG50 at 
magnification of 1,000x and 
5,000x. (A1) before 
embedded in epoxy resin; 
(B1) and (B2) after 









Figure 51. FE-SEM analysis 
of AL70BG30 at 
magnification of 1,000x and 
5,000x. (A1) before 
embedded in epoxy resin; 
(B1) and (B2) after 









Figure 52. FE-SEM analysis 
of HA30BG70 at 
magnification of 1,000x and 
5,000x. (A1) before 
embedded in epoxy resin; 
(B1) and (B2) after 









Figure 53. FE-SEM analysis 
of HA50BG50 at 
magnification of 1,000 and 
5,000x. (A1) before 
embedded in epoxy resin; 
(B1) and (B2) after 









Figure 54. FE-SEM analysis 
of HA70BG30 at 
magnification of 1,000x and 
5,000x. (A1) before 
embedded in epoxy resin; 
(B1) and (B2) after 









Figure 55. FE-SEM analysis 
of AL30HA70 at 
magnification of 1,000x and 
5,000x. (A1) before 
embedded in epoxy resin; 
(B1) and (B2) after 










Figure 57. FE-SEM analysis 
of AL70HA30 at 
magnification of 1,000x and 
5,000x. (A1) before 
embedded in epoxy resin; 
(B1) and (B2) after 























Figure 60. The Rietveld fitting on XRD patterns of bioactive glass (BG) by GSAS-II 










Figure 61. The Rietveld fitting on XRD patterns of hydroxyapatite (HA) by GSAS-II 























































































































































Figure 72. The Rietveld fitting on XRD patterns of alumina after immersion in calcification 















Figure 73. The Rietveld fitting on XRD patterns of bioactive glass after immersion in 













Figure 74. The Rietveld fitting on XRD patterns of hydroxyapatite after immersion in 














Figure 75. The Rietveld fitting on XRD patterns of bioactive glass sintering at 1200 °C by 


















Figure 76. The Rietveld fitting on XRD patterns of bioactive glass sintering at 1300 °C by 
GSAS-II implemented with Python. 
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